Aqueous extracts and oils of five Indian medicinal plants, traditionally used for their antimicrobial activities, were evaluated against two of the most prevalent Candida species causing candidiasis, C. albicans and C. tropicalis. Of these plant materials, three showed varying degrees of antifungal activity against both species. Tulsi (Ocimum sanctum Linn.) essential oil (TEO) was found to be the most effective, followed by Peppermint essential oil, and Aloe vera aqueous leaf extract. The product with the lowest MIC was further studied along with its lead molecules to explore the possible mechanism of action of the most active constituents. Eugenol, methyl eugenol, linalool, and 1, 8-cineole, along with TEO were then evaluated at the same. The pattern and extent of inhibition was studied using growth and WST1 cytotoxicity assays. Proton pumps are important for growth and metabolism of Candida species and so H + extrusion studies were performed to explore the possible mechanism of the test compounds. Linalool was the most active constituent of TEO, whereas inhibition of H + extrusion appeared to be a synergistic function of the lead molecules.
Serious fungal infections, caused mostly by opportunistic pathogens, are increasingly common in immuno-compromised and other vulnerable patients [1] [2] [3] [4] [5] . The global change in the spectrum of Candida species is also observed in India, but Candidemia due to C. tropicalis instead of C. parapsilosis and C. glabrata is more important [6] . Established antifungal agents do not satisfy the medical need completely. Polyenes cause serious host toxicity, whereas azoles are fungistatic and vulnerable to resistance. The present scenario of emergence of multiple drug resistance to Candida has necessitated a search for therapeutic alternatives, particularly among plants, and the compounds isolated from them which have been used for their antifungal properties. In the present study, aqueous extracts and oils of five Indian medicinal plants -Neem (Azadirachta indica L.), Tulsi (Ocimum sanctum L.), Aloe vera L., Peppermint (Mentha piperita L.) and Turmeric (Curcuma longa L.), traditionally used in medicine and known for their antimicrobial activities [7] [8] [9] [10] [11] , were evaluated against two of the most prevalent species causing Candidiasis-Candida albicans and C. tropicalis. Tulsi essential oil has emerged as the most inhibitory natural product against both the Candida species. Therefore, this oil was subjected to detailed GC-MS analysis, which revealed the presence of linalool, 1, 8-cineole (eucalyptol), methyl eugenol and eugenol as the principle lead molecules. The antifungal activities of these four major compounds, along with Tulsi Essential Oil (TEO), were further explored in terms of the constituents' effectiveness. To establish the antifungal efficacy of TEO and its lead molecules, growth and viability studies in terms of pattern and extent were performed against both the Candida species. It was expected that plant products that target sites other than those used by synthetic antifungals would be active against drug-resistant microbial pathogens. PM-ATPase mediated H + extrusion is crucial to maintaining normal cellular activity, growth and development. The effect of these lead molecules, along with TEO, on PM-ATPase mediated H + extrusion was studied to explore the possible mechanism of inhibition.
Aqueous extracts of Neem, Tulsi, Mint, and Aloe vera leaves, and Turmeric rhizomes were not found to be inhibitory against C. albicans and C. tropicalis. However, the MIC of the aqueous leaf extract of Aloe vera against both C. albicans and C. tropicalis was 2.1 g/mL. TEO and Peppermint essential oil were found inhibitory, with MIC 90 s of 0.024% v/v and 0.097% v/v, respectively against C. albicans, while against C. tropicalis the MIC 90 of TEO was 0.024% v/v, and that of Mentha 0.1% v/v, whereas Neem and Turmeric oil did not show any inhibitory activity against the Candida sps. Of all three active plant materials, TEO was the most active, with the lowest MIC 90 . GC-MS analysis of the oil showed high amounts of linalool (44.3%) and 1,8-cineole (21.7%), followed by methyl eugenol (6.3%) and eugenol (4.4%). Of these four lead molecules, the MIC 90 s of eugenol, methyl eugenol, linalool and eucalyptol were 500 µg/mL, 350 µg/mL, 250 µg/mL and 3 mg/mL, respectively, against both Candida sp. The MIC 90 of eucalyptol was found to be relatively high against Candida sps and, therefore, its input to the inhibitory activity of TEO was assumed to be minor. Eugenol, methyl eugenol and linalool were considered for further studies.
In the resistotyping profile of the Candida sp. to all four test entities, TEO (10% v/v) showed a zone of inhibition (ZOI) of 9 mm, which increased to 13 mm when the concentration was increased to 30% v/v against C. albicans. In the case of C. tropicalis, 10% v/v TEO showed a zone of 7 mm. Both Candida species were almost equally sensitive to all four tested concentrations of TEO. Eugenol (2 mg/mL) showed a ZOI of 8 mm against C. tropicalis. The same compound (3 mg/mL) produced a ZOI of 3 mm, which increased to 12 mm when the concentration was increased to 10 mg/mL against C. albicans ATCC 10261, while the same concentrations showed an increase from 11 mm to 16 mm against C. tropicalis ATCC 750. Methyl eugenol (0.75 mg/mL) produced zones of 7 mm and 9 mm, which increased to 16 mm and 17 mm at 10 mg/mL in C. albicans and C. tropicalis, respectively. The ZOI increased from 10 mm to 19 mm on increasing the concentration from 3 mg/mL to 10 mg/mL of linalool. Both species of Candida were almost equally sensitive to the tested concentrations.
Figures 1(a) & (b)
show the effects of different concentrations of TEO on the growth pattern of C. albicans ATCC 10261 and C. tropicalis ATCC 750, respectively. The control Candida cells showed a normal pattern of growth, with a lag phase of 4 hours and an active exponential phase of 8-10 hours before attaining the stationary phase. Figure 1 (a-b) shows a decrease in growth in the presence of increasing concentrations of TEO in both species. TEO (0.024% v/v) completely terminated the growth of Candida. The effect was almost equally as pronounced as with the negative control [Nystatin (5µg/mL)]. The first two sub MICs treated cells showed a depressed growth curve, with clearly differentiated phases in C. albicans. The other two concentrations clearly suppressed the exponential phase. The first two sub MICs treated C. tropicalis showed a delayed exponential phase, while the third showed a suppressed growth curve with undifferentiated phases. Figure 1 (c-d) shows inhibition of growth by eugenol in a concentration dependent manner. Sub MIC treated cells showed a delayed exponential phase. The MIC 90 of eugenol showed complete inhibition of growth. At the end of 24 hours, the cell population (observed under microscope) was TEO at the MIC 90 killed 84% of the population of C. albicans, while 0.018% v/v killed 41.3% and 0.012% v/v killed 22.5%. In the case of C. tropicalis, TEO (0.024%) killed 81.5%, whereas the other two concentrations of 0.018% v/v and 0.012% v/v killed 37.7% and 31.3% of the cell population, respectively. Eugenol (MIC 90 ) showed pronounced cytotoxicity against Candida, with 28.4% of the cell population of C. albicans being killed by a concentration of 200 µg/mL, 34.9% by 300 µg/mL, and 81.1% by 500 µg/mL. Eugenol, at 200 µg/mL killed 72.4% of the C. tropicalis population, at 300 µg/mL 73.5%, and at the MIC 90 78.2%. Methyl eugenol at its MIC 90 killed 71.3% of the C. albicans population and 73.0% of C. tropicalis. Sub MICs showed about 30-60% cytotoxicity. Linalool was found to be the most cytotoxic, as at very low concentrations it started to show cytotoxicity. Linalool, at 50 µg/mL killed 53.2%, at 150 µg/mL 83.5%, and at the MIC 90 of 250 µg/mL, 85.3% of the C. albicans population. In the case of C. tropicalis also, sub MICs of linalool showed cytotoxicity (50 µg/mL killed 43.1 %, 150 µg/mL killed 81.8%, and the MIC 90 of 250 µg/mL killed 85.5% of the population).
The inhibitory effect of TEO on the rate of H + efflux in nmoles/min/mg Candida cells was determined. The control showed a mean H + efflux rate of 6.2-7.8 nmoles/min/mg for C. albicans cells, and 4-6 nmoles/min/mg for C. tropicalis. The H + efflux rate in the presence of TEO (MIC 90 ) was decreased to 50 and 58% in C. albicans and C. tropicalis, respectively. Linalool, at 250 μg/mL, exhibiting 52% and 48% efflux inhibition with C. albicans and C. tropicalis, respectively, whereas the equivalent values for methyl eugenol (MIC 90 ) were 46% and 50%. The inhibition in the presence of 500 μg/mL eugenol was found to be 42% (C. albicans) and 48% (C. tropicalis). The H + efflux rate was stimulated threefold in C. albicans and 5-6 fold in C. tropicalis in the presence of 5 mM Glucose. The glucose activated H + efflux rate in the presence of 0.024% v/v TEO was found to be 48% (C. albicans) and 31% (C. tropicalis). Glucose stimulated H + -efflux was also inhibited by 20% (C. albicans) and 19% (C. tropicalis) in the presence of 500 μg/mL eugenol. In the presence of methyl eugenol, the glucose induced efflux rate decrease was found to be 21% and 26% in C. albicans and C. tropicalis, respectively. Glucose stimulated H + -efflux was inhibited by 25% (C. albicans) and by 21% (C. tropicalis) by 250 μg/mL linalool.
Ocimum sanctum is held sacred by Hindus and has been used as a medicinal plant in day-to-day practice for the management of disease conditions since ancient times in Indian homes. Indian O. sanctum is an eugenol chemotype containing eugenol, methyl eugenol and linalool, but quantitative variations have been seen in the composition of the essential oils obtained from plants grown in different parts and seasons of India [16, 17] . In general, besides eugenol, other lead constituents of TEO include methyl eugenol, linalool, 1,8-cineole (eucalyptol), carvacrol, methyl chavicol and caryophyllene [17] [18] [19] . In the present study, TEO was found to be inhibitory to Candida, which is congruent to previous reports [20] . The second lead molecule, eucalyptol, was found to have a very high MIC, and thus its contribution to the antifungal activity of TEO is assumed to be minor. The MIC of linalool was much closer to that of TEO. Growth studies illustrate that TEO and its lead molecules check the exponential phase. The most effective constituent hostile to Candida was linalool, followed by methyl eugenol and eugenol, as observed by WST1 cytotoxicity and disc diffusion assays.
H + efflux is an immediate event associated with H + ATPase activity. The plasma membrane H + ATPase pump regulates intercellular pH, maintains ion balance and generates the electrochemical proton gradient essential for nutrient uptake. pHi and morphogenesis of Candida is closely associated with PM H + ATPase [21] .The inhibition of enzyme activity correlates with the cessation of cell growth.
TEO was found to inhibit H + extrusion in both species of Candida, and all the lead molecules studied were also found to inhibit this to varied extents. Moreover, a synergistic effect in terms of a fungicidal dose of basil oil by eugenol and linalool has already been discussed in plant pathogenic fungi [20] . Inhibition of PM-ATPase mediated H + extrusion thus is a synergistic function of the lead molecules. Detailed studies of these lead molecules can give us more of an insight into their possible mechanisms of action.
The antifungal studies of TEO, along with other reported medicinal characteristics of Tulsi [22] , may facilitate its use as an antifungal agent in clinical trials.
The results may also encourage the development of novel antimicrobial preparations. Furthermore, detailed studies of the mechanisms of action of linalool and methyl eugenol could be useful in correlating their effectiveness against other pathogenic microbes.
Experimental
General: All media constituents were obtained from E. Merck (India). Leaves of Aloe vera, Tulsi, Peppermint and Neem, and rhizomes of Turmeric were collected from the local farming area of Faridabad. Extra pure grade Neem and Turmeric oil, and essential oils of Tulsi and Peppermint were purchased from Mohan Brothers, Tilak Bazaar, Delhi, and stored at 4 o C. Eugenol and eucalyptol (1, 8-cineole) were obtained from SAFC (USA), while methyl eugenol and linalool were purchased from SRL (India) and Aldrich (Germany), respectively.
Growth conditions: Stock cultures of Candida albicans
ATCC 10261 and C. tropicalis ATCC 750 were maintained on slants of YEPD agar at 4ºC. To initiate growth for experiments, one loopful of cells from the agar culture were inoculated into 30 mL of YEPD broth and incubated at 37ºC for 24 h [up to the stationary phase (primary culture)]. The cells from the primary culture (10 8 cells/mL) were re-inoculated into 100 mL fresh YEPD medium and grown for 8 h i.e., up to midlog phase (10 6 cells/mL). For growth studies, 10 6 cells (A 595 = 0.1) of the species were grown in fresh media until the stationary phase. Growth was recorded turbidometrically at 595 nm using a LaboMed Inc. Spectrophotometer (USA). TEO (100µL) or one of its lead molecules of the required concentration was added to the culture.
Preparation of extracts: Succulent leaves of Aloe vera
were peeled off. Gel and leaf surfaces were separated under aseptic conditions. Both extracts were centrifuged at 8000 rpm for 30 minutes. The supernatant was collected to evaluate its anticandidal effect. Aqueous extracts of leaves of Neem, Tulsi, and Peppermint, and rhizomes of Turmeric were prepared fresh in sterile distilled water and filtered through Millipore filters (0.45 µm).
GC-MS analysis:
Analysis of Tulsi Essential Oil was carried out by GC-MS using a Shimadzu 2010 gas chromatograph fitted with an AB-Wax column. Helium was used as the carrier gas. Sample (0.1mL) was injected in the splitless mode. The chemical components from the essential oil were identified by comparing the retention times of the chromatographic peaks with those of authentic compounds using the WILEY8.LIB and NIST05s.LIB.
Determination of MIC:
The minimum inhibitory concentration was defined as the lowest concentration of the extract/oil/test molecule that caused inhibition of visible growth of the Candida cells. MIC 90 was determined in vitro in liquid medium by the broth dilution method [12] . Synchronized yeast phase Candida cells were used in all experiments and were prepared as described above.
Disc diffusion assay:
The inhibitory activity of TEO and its lead molecules in solid media was determined by the Disc Diffusion Method [13] . Candida cells (10 5 cells/ mL) were mixed in molten YEPD agar (~40 o C) and poured into a Petri plate. Filter discs were impregnated on solid agar and varied concentrations of test compound (dissolved in 10% DMSO) were spotted on the disc in a 10 μL volume. The diameter of the zone of inhibition was recorded in mm after 3 days.
WST1 cytotoxicity assay:
Suspension cells (100 µL of 10 5 cells/mL) were cultured along with appropriate concentrations of test entities for 24 h in a micro-plate followed by 2 h incubation at 37 o C with 10 µL of WST-1/CEC dye. After shaking for 1 min, the reaction was stopped by adding 10 µL of 1%SDS. The generation of deep red colored formazan was measured at 450 nm by a BIORAD Microplate Reader, which then directly correlates this to cell number [14] .
Proton efflux measurements:
Mid-log phase cells harvested from YEPD medium were washed twice with distilled water and routinely 100 mg cells were suspended in 5 mL solution containing 0.1 M KCl and 0.1 mM CaCl 2 . The suspension was kept in a doublejacketed glass container with constant stirring. The test entity (100 µL) was added to achieve the desired concentration in 5 mL. For glucose stimulation experiments, 100 µL of glucose was added to achieve a final concentration of 5 mM. The container was connected to a water circulator at 25ºC. H + extrusion rate was calculated from the volume of 0.01 N NaOH consumed [15] .
Statistical analysis:
The experiment for both species in the presence of each concentration of test entity was performed in triplicate and Mean ± Standard Deviation was determined.
